The vibrational ground state microwave spectrum of cyclopropyl isocyanate was investigated in the region from 8.4 to 40 GHz by microwave Fourier transform (MWFT) spectroscopy. The quadrupole hyperfine structure was resolved and assigned. The quadrupole coupling constants are given. With respect to the data given in the literature up to now, this work led to a more profound description of the pure rotational spectrum. Furthermore, some interesting and surprising results concerning the effect of centrifugal distortion are presented. Compared to hitherto existing investigations, these results indicate a more complicated conformational behaviour of cyclopropyl isocyanate.
Introduction
The first investigations of cyclopropyl isocyanate in 1988 by microwave, infrared and Raman spectroscopy were carried out by Durig, Berry and Wurrey [1] . They presented data about the conformational stability, structure, dipole moment, as well as the vibrational assignment of cyclopropyl isocyanate. From known structural parameters of cyclopropyl isothiocyanate [2] , Durig et al. evaluated sets of rotational constants for various assumed conformers and compared them with the rotational constants obtained from the assignment of the microwave spectrum in the region from 18.5 to 40 GHz. The eis and trans conformation corresponded best with the observed values.
The results of our reinvestigation, and in particular the failure of the centrifugal distortion analysis, indicate a more complicated conformational behaviour of cyclopropyl isocyanate. Especially, there are some doubts about the existence of a eis conformation. Thus, the expression "eis" is set in quotation marks in this paper.
Another important item concerning this investigation is the resolution and assignment of the quadrupole hyperfine structure of the spectrum of cyclopropyl isocyanate since no quadrupole coupling constants were determined up to now.
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Experimental Methods
Cyclopropyl isocyanate was prepared according to a method of Kricheldorf and Regel [3, 4] by a two-step procedure. In the first step dichloro diphenyl silane 1 (Aldrich) reacts with sodium azide in quinoline to yield diphenyl diazido silane 2:
(C 6 H s ) 2 SiCl 2 + 2NaN 3 ' 2 NaCl + (C 6 H 5 ) 2 Si(N 3 ) 2 .
2
The solvent was dried with calcium hydride for about two hours to remove traces of water. 30 min ivoj/^ z.
1
The product 4 was purified under vacuum in a fraction column. The purity was checked by NMR and gaschromatography. No impurities were found with these methods. Cyclopropyl isocyanate is a colourless liquid (b.p.: 78-79 °C). The substance can immediately be identified by its irritating effect and provocation of lacrimation. The compound is sensitive to traces of water and was stored in a sample tube at -178 °C (liq. nitrogen).
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The investigations of cyclopropyl isocyanate were carried out with our standard microwave Fourier transform spectrometers combined with double-resonance techniques in the region from 8.4 to 40 GHz [5] [6] [7] [8] [9] , Sample pressures in the waveguide spectrometers were often <0.3 mTorr (<0.04 Pa) and temperatures were about -50 °C.
The transition frequencies of the multiplet components were evaluated by a least squares fit of the time domain signal [10] to avoid overlapping effects.
In addition, some results were obtained with a beam spectrometer described in [11] . For the measurements we used argon containing ca. 1% cyclopropyl isocyanate at a stagnation pressure of 380 Torr (5 • 10 4 Pa). Figure 1 shows the conformers trans and eis cyclopropyl isocyanate in their principal axes system. The notation cis/trans characterizes the relative orientation of the cyclopropyl frame and the N = C = 0 group with respect to the N -C bond. The trans conformer possesses an a, c-, the eis conformer an a, bplane of symmetry. Furthermore, the polar NCO group lies approximately in the direction of the ü-axis. Thus, a-type transitions should be the most intense ones in the microwave spectrum. The remaining components (trans) and pi h ("eis") are expected to be smaller, whereas the (trans) and ("eis") components are zero because of symmetry properties. For the reason of intensity we tried to resolve and assign the quadrupole hyperfine structure of the a-type spectrum. We started with the trans conformer and obtained the quadrupole coupling constants Z + = ("Abb + Zee) by an iterative measurement and fit procedure of R-branch series with low J. y~ = (Zbb -Zcc) was not accessible, the observed transitions being nearly independent of this constant. Thus, we attempted to measure c-type transitions. Because of the large uncertainty of the rotational constant A [1], we used double-resonance techniques with the pump/ signal combination in the V/Ku band. We found the Q-branch series J u -J 0j with J = 3 to J = 12, which enabled us to gradually evaluate the A and y~ constants. Subsequently, the value of x~ was refined by measurements of the J'-J = 3-2 transitions with a beam spectrometer using its high capability for resolution and sensitivity.
Results and Analysis
The investigation of the "eis" conformer was more difficult. At the beginning, no consistent assignment of the quadrupole hyperfine structure, even for the a-type spectrum, was possible. The A constant was not well determined by Durig et al., and there were no suitable double-resonance combinations which could simplify the search for the b-type transitions. After some unsuccessful attempts with conventional continuouswave Stark modulation techniques and continuouswave double-resonance methods in the Ku/K band (pump/signal) we refrained from measurements of b-type transitions and evaluation of the A constant. An explanation of this unsuccessful experimental result may be the lower theoretical line strength in comparison with a-type transitions (factor: %260). Moreover, it was not possible to observe any transitions of "eis" cyclopropyl isocyanate in the beam spectrometer. Thus, the trans must be more stable than the "eis" conformation. This corresponds with the data of Durig et al. The impossibility of the observation of "cis"-transitions in a beam spectrometer leads to another fact: during the short time of cooling down in the molecular beam, the majority of the "cis-molecules" is apparently transformed into the trans conformation. Thus, the energy barrier should be low between the two conformational states.
On account of the above mentioned difficulties of the "eis" conformer we measured a-type R-branch J-series (J K K+ -(J -1) K K + ) for the "eis" (J = 5, 6, 7, 8, 9) and trans (J = 8. 9, 10, 11) isomer in the K and V band. We started for each J value with the 0 transition, then searched for the = 1 lines and so on. The transitions were assigned by means of their quadrupole hyperfine splittings. This is corroborated by Fig. 2 representing the = 3 transitions for J = 7, 8, 9. The quadrupole hyperfine structure is not resolvable for K_ =0,1 transitions. In general, the splitting of the = 2 transitions can be observed, but they are very small. Therefore, the extrapolation to larger splittings could lead to uncertainties and incorrect assignments. For this reason the typical pattern of the K_ = 3 lines (Fig. 2) is of particular importance for this investigation. The 3 lines are characterized by a small K-doublet splitting combined with a sufficient quadrupole hyperfine splitting ensuring a correct extrapolation. A comparison of Figs. 2 a, 2 b, and 2 c indicates that according to theory the asymmetry splitting increases and the quadrupole splitting decreases with increasing J value. For all measured transitions a consistent assignment with respect to the fit of the quadrupole coupling constants could be evaluated in combination with double-resonance techniques. Table 1 contains the evaluated values of the quadrupole coupling constants for trans and "eis" cyclopropyl isocyanate.
Carrying out the measurement procedure by following increasing as described above, we obtained a very surprising result. The frequencies of the K_-0, 1, 2 transitions correspond (within the standard error) with the prediction of the spectrum including centrifugal distortion effects. The frequencies of the lines with K_>2 showed considerable deviations from the prediction depending on the value of K_. In general, the deviations increase with but there are also some differences in the K_ -dependence of the deviations for the trans and "eis" conformer. Deviations Av from a fit using Van Eijck's centrifugal distortion Hamiltonian for trans cyclopropyl isocyanate. The deviations strongly depend on the angular momentum projection quantum number K_ (in this figure only presented for J = 9. 10, 11). Table 3 contains the evaluated spectroscopic constants for the different fits, a) Deviations from a fourth order centrifugal distortion fit. Transitions with K_> 3 are weighted with the factor 1/1000 in the fit. This is indicated by the arrow j. b) Deviations from a sixth order centrifugal distortion fit. Transitions with K_> 6 are weighted with the factor 1/1000 in the fit. This is indicated by the arrow j. In comparison to a), the axis concerning Av is spread by the factor 2.
served value) on the quantum number K_ for different J values for the trans conformer. Figure 3 a is based on a fit using Van Eijck's fourth order centrifugal distortion Hamiltonian, Fig. 3 b implies terms of Van Eijck's sixth order Hamiltonian. In Fig. 3 a transitions with K_> 3 are weighted with the factor 1/1000 in the fit (which actually means: excluded from the fit) to get an acceptable standard deviation for the fit. This is indicated by the arrow [ in the picture. Figure 3 a shows that the deviation Av gets large with increasing K_ (e.g. for /C_ = 10: Av = 22 MHz) but in a way indicating a functional continuity. Av is extremely decreased by consideration of the sixth order centrifugal distortion Hamiltonian (the zlv-axis is spread by the factor 2 in Figure 3 b ). In addition, it is possible to consider a greater number of transitions in the fit. Transitions with K_>6 are still weighted with the factor 1/1000. Hopefully, an eighth order centrifugal distortion Hamiltonian will eliminate the remaining deviations. Table 2 contains all measured transition frequencies of the trans conformer including the quadrupole hyperfine structure, the (hypothetical) central frequency v 0 and the calculated central frequencies resulting from a fourth ( Table 3 .
The deviations from a Van Eijck fourth order centrifugal distortion fit for the "eis" isomer is illustrated by Figure 4 . The fit includes all measured transition frequencies for values up to K_ =2. The relatively Fig. 4 . Deviations Av from a fourth order centrifugal distortion fit in dependence on K_ for "eis" cyclopropyl isocyanate. Transitions with K >2 are weighted by the factor 1/100. This is indicated by the arrow j. Figure 3 b. 6 Jv 0 = 6 v 0 -v 0 . In addition, see Table 3 for the conditions of the centrifugal distortion fits. In the table caption it should be: F-F'. large deviation for the J'-J = 2-1 transitions may be due to the fact that reaches the value K_ max (see Table 4 ). Transitions with K_> 2 were weighted with 1/100. It is remarkable to notice that the K_-3 transitions show a positive deviation whereas transitions with >3 are characterized by negative Zlv's. Thus, no obvious functional continuity can be constructed, in contrast to the trans conformer. A centrifugal distortion fit using Van Eijck's sixth order Hamiltonian yields only a gradual improvement. Figure 5 leads to a slightly modified result. In this case, transitions with K_ -2, 3, 4 were weighted with the factor 1/1000 in a sixth order centrifugal distortion fit (transitions with > 4 were fully included in the 1181 fit). The small deviations for transitions with values <2 and K_> 4 suggest that only a few transitions (which means in particular the corresponding energy levels) are perturbed by some effects which have to be discussed hereafter. The frequency data of "eis" cyclopropyl isocyanate are given in Table 4 . Table 4 is constructed in the same way as Table 2 . 4 Table 4 . Measured transition frequencies v obs of "eis" cyclopropyl isocyanate including the quadrupole hyperfine splitting. The hyperfine components are characterized by their overall angular momentum quantum number F-F'. <5 HFS , zl((5 HFS ), «, n.r., v 0 : see Table 2 . 4 
8(1) Hz
Weight of the transitions in the fit: Table 5 contains the rotational as well as Van Eijck's centrifugal distortion constants. The "conditions" of the fit are summarized at the bottom of the Table.
Attempt at Explanation
The experimental results of the "eis" isomer indicate that the spectrum of cyclopropyl isocyanate cannot be described completely by application of a centrifugal distortion Hamiltonian. To find an explanation for these effects we have to go back to the basic assumptions of conventional centrifugal distortion theory. In addition to the rigid asymmetric rotor Hamiltonian, centrifugal distortion effects are considered in the total Hamiltonian by a potential energy term [12] . The potential energy is formulated as a harmonic potential function [13] . The elements of the inverse moment of inertia tensor are approximated by a series expansion in the internal displacement coordinates considering only the linear term. Thus, the theory only regards small displacements of the internal coordinates from their equilibrium values [14] . These conditions are obviously not fulfilled for "eis" cyclopropyl isocyanate. Because of the rigidity of the cyclopropyl frame and of the NCO group especially the torsion around the C framc -N bond allows for flexibility of the molecule. If we assume a very flat and anharmonic potential near the "eis" conformation with a low barrier to the trans conformation, the failure of the centrifugal distortion analysis is plausible and the mentioned observation with the beam spectrometer can be explained. This agrees with the statement of Durig et al. who found four excited vibrational states for the trans but only one for the "eis" isomer. They concluded that higher excited states lie above the barrier of internal rotation.
To strengthen the above assumption we tried to calculate the potential function with Gaussian 86 [15] . With a STO-3G basis set a trans and a gauche/gauche minimum potential result by varying the torsion angle in steps of 15°. With an extended 4-31 G* basis set we obtained a eis and a trans minimum potential when starting the computation of the potential energy function from a eis conformation. This clearly indicates the need of further extended quantum chemical calculations (which we cannot perform presently), and of additional microwave investigations of cyclopropyl isocyanate to obtain a proper understanding of the conformational behaviour and the effects concerning centrifugal distortion.
